better electrical conductivity compared to the lamellar stacking direction of the insulating hexyl side chains. [3] Self-organization of rr-P3HT chains into nanoscopic crystalline structures is dramatically dominated by regioregularity, molecular weight, solvent properties, and processing conditions, leading to anisotropic electrical conductivity by several orders of magnitude. [4] Recent advances in control over crystallization behaviors of rr-P3HT chains including sonication, [5] flow-enable crystallization, [6] solution aging, [7] solvent vapor annealing, [8] and blade coating, [9] have provided successful pathways to achieve optimal electrical properties. Although these techniques are quite competitive to yield highly ordered molecular packing and crystallization of conjugated polymer chains for efficient charge transport, developing a new method still remains a big challenge because simple patterning and aligning of conjugated polymer chains are highly desirable in the pursuit of large-scale, low-cost organic electronic devices.
(e.g., polymers and colloidal particles) that often produces irregular and stochastic "coffee ring" patterns rather than uniform deposits. Confining a sessile drop of solution into a restrict geometry such as a curve-on-flat geometry, [10a-i] two parallel plates, [11] and cylindrical tube [12] could be of much benefit to creation of complex, yet ordered structures and assemblies with unprecedented regularity. Dimensional and morphological features of the resulting patterns or structures can be controlled by the evaporation process including the evaporative flux, solution concentration, and interfacial interaction between the solute and the substrate, solute size, and shape, solvent evaporation rate, etc. In clear comparison with conventional top-down lithography techniques, controlled evaporative self-assembly is a quite uncomplicated and cost-saving strategy to readily produce well-organized structures at the micro-to-nanometer scale, diminishing needs for a lithography and external fields.
Herein, we present a facile and robust route to creating hierarchically structured, gradient concentric rings of regioregular conjugated polymer, rr-P3HT with randomly or directionally crystallized nanoscopic fibrils over large areas. A direct consequence of CESA in a confined geometry composed of an upper spherical lens on a lower flat substrate (i.e., sphere-onflat geometry) leads to an axially symmetric capillary-bridge (i.e., bound solution), thus regulating consecutive "stick-slip" motions of the three-phase contact line. Self-organized concentric rr-P3HT rings resulted from mediating intermolecular interactions of P3HT chains (i.e., interchain π-π stacking) and varying the solution concentration. This simple, one-step patterning and alignment of rr-P3HT based on CESA sheds light on organizing semicrystalline conjugated polymers into spatially ordered patterns with nanocrystalline fibrils in a costsaving, nondestructive, and controllable manner. Furthermore, this approach would be possibly beneficial for potential applications in optoelectronics, photonics, printable electronics, biomedical devices, and sensors.
The choice of rr-P3HT as the nonvolatile solute was motivated because of its numerous potential applications in solution processed organic electronics. Figure 1a represents a schematic illustration of the whole formation process of gradient concentric P3HT rings. The rr-P3HT rings were produced by allowing rr-P3HT toluene solutions of varying concentrations, 0.2 and 0.5 mg mL −1 , to evaporate in a confined geometry composed of an upper spherical lens and a flat substrate ( Figure 1a ). The use of axially symmetric sphere-on-flat geometry is for regulating the "stick-slip" motions of the meniscus (i.e., three phase contact line) and to minimize the Marangoni convection flow, thus ultimately yielding gradient concentric ring patterns with unprecedented regularity. [10g] The formation of gradient concentric P3HT rings can be rationalized by understanding of the "stick-slip" motions of the contact line, which is regarded as the competition between the linear pinning and nonlinear depinning forces. A stick motion dominated by the pinning force is resulted from spontaneous transportation of P3HT molecules from the solution inside to the capillary www.advmattechnol.de edge, whereas a slip motion governed by the depinning force is originated from a gradual decrease of the initial contact angle to the critical contact angle due to nonlinear volume loss of volatile solvent.
[10g] Figure 1b shows a representative optical microscopy (OM) images of gradient concentric rr-P3HT rings taken in a reflective mode. Locally, the rr-P3HT rings appear as stripe patterns. Two representative atomic force microscopy (AFM) height images obtained from different solution concentrations, c = 0.5 and 0.2 mg mL −1 , are displayed in Figure 1c ,d. As c decreased from 0.5 to 0.2 mg mL −1 , surface morphologies of P3HT chains changed (i.e., rings with randomly crystallized nanofibrils from 0.5 mg mL −1 and rings with directionally crystallized nanofibrils from 0.2 mg mL −1 ).
From concentration c = 0.5 mg mL −1 , two representative dimensional characteristics, λ c-c , and H, as the center-tocenter spacing of rings and the ring height were obtained after averaging from five cross sections of an AFM image (80 × 80 µm 2 ). As seen in Figure 2 , H and λ c-c of the rr-P3HT rings were observed to increase as a function of the ring position, X n (n = 1 to 5; 1 and 5 indicate the innermost and the outermost regions, respectively). Such this gradient and repetitive fashion is originated from a nonlinear volume loss of volatile solvent mainly governed by the imbalance between the nonlinear capillary force (i.e., depinning force) due to the curvature effect of the upper sphere and linear pinning force. [10g] Dimensional features of H and λ c-c progressively increase from H = 21.4 ± 0.9 nm and λ c-c = 7.28 ± 0.08 µm at X 1 , to H = 25.2 ± 0.8 nm and λ c-c = 7.62 ± 0.08 µm at X 2 , to H = 28.4 ± 0.5 nm and λ c-c = 8.38 ± 0.08 µm at X 3 , to H = 31.6 ± 0.5 nm and λ c-c = 9.08 ± 0.08 µm at X 4 , to H = 37.2 ± 0.8 nm and λ c-c = 9.80 ± 0.07 µm at X 5 , where X n corresponds to the distance from the sphere/Si contact center as schematically illustrated in the top panel of Figure 1b .
Close investigation of the P3HT rings from different concentrations c = 0.5 and 0.2 mg mL −1 by AFM confirmed that each ring was composed of numerous bundles of P3HT crystallized at nanometer scale as shown in Figure 3 . The formation of nanoscopic fibrils is deeply related to the crystalline ordering of rr-P3HT chains, where single fibril is composed of π-stacked crystalline lamellar domains with the backbone axis perpendicular to the fibril axis (i.e., the π-π stacking direction). Repeat unit length between P3HT backbones and interlamellar distance due to interdigitation of hexyl side groups are known to be ≈0.38 nm (equivalent to the π-π stacking distance) and 1.6 nm, respectively. [13] When compared to higher concentration c = 0.5 mg mL −1 showing discontinuous rings with random distribution of P3HT nanofibrils (Figure 3a-c) , rings with spatially ordered nanofibrils directionally aligned along the moving direction of the three phase contact line were obtained from lower concentration c = 0.2 mg mL −1 as shown in Figure 3d -f. Morphological and pattern evolution of P3HT chains from toluene solutions irreversibly evaporated in a curve-on-flat geometry are predominantly governed by the solution concentration. Dot arrays, "snake-skin" like network structures, continuous humped rings with spatially ordered nanofibrils, and discontinuous rings with random distribution of nanofibrils can be formed by varying the concentration of P3HT toluene solution. It is quite noteworthy that the P3HT "shish-kebab" like structures formed in between the neighboring rings are clearly shown (Figure 3e,f) . This observation is probably due to relatively fewer P3HT with which to create local surface roughness to pin the contact line at lower concentration of 0.2 mg mL −1 compared to concentration of 0.5 mg mL −1 that allowed to produce discontinuous rings with random distribution of P3HT nanofibrils. [10d] Moreover, the formation of P3HT nanofibrils resulted from low molecular weight of P3HT (molecular weight = 20 kg mol −1 ) with its rigid rod-like nature and use of toluene with a high boiling point (≈110 °C). In previous studies, the nanofibrillar morphologies of P3HT have been well-observed in low molecular weight P3HT films fabricated by slow deposition techniques and/or using volatile solvents with a high boiling temperature, while the fast solvent evaporation readily suppressed the self-organization of P3HT nanofibrils. [10d] The evaporation rate of toluene was retarded due to the use of the sphere-on-flat geometry where the solution was allowed to evaporate only at the capillary edge. Complete evaporation took ≈40 min, thus triggering the formation of P3HT nanofibrils. As a result, the P3HT rings were in (a,b) , respectively. The concentric P3HT rings possess a gradient fashion in terms of the distances between the adjacent rings, λ c-c and the ring heights, H. The scan positions are X 1 (≈1500 µm), X 2 (≈2300 µm), X 3 (≈3000 µm), X 4 (≈3700 µm), and X 5 (≈4300 µm), which are away from the sphere/Si contact center. Image sizes are 80 × 80 µm 2 for (a) and 20 × 20 µm 2 for (b) .
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hierarchically structured, composed of directionally crystallized nanofibrils aligned to the moving direction of the contact line, thereby making charge transport more efficient. Anisotropic electric conductivity of rr-P3HT is dominated by how the P3HT chains are packed and crystallized at the molecular level. The anisotropic electrical conductivity of the P3HT nanofibrils deposited from different concentrations c = 0.5 and 0.2 mg mL −1 was measured by varying alignment of the P3HT nanofibrils (i.e., directionally crystallized nanofibrils and randomly distributed nanofibrils). Figure 4a shows a 3D AFM topographical image of the directionally crystallized P3HT nanofibers on top of the Au interdigitated electrodes (IDEs) from c = 0.2 mg mL −1 . The P3HT rings with nano fibrils aligned perpendicular to the Au IDEs were formed via the CESA process as clearly shown in Figure 4b www.advmattechnol.de distributed nanofibrils were estimated to be 21.3 × 10 −2 and 89.3 × 10 −4 S m −1 , respectively, where the dimensions of the electrical path including the width and length of the conductor region contributing to the conductivity corresponded approximately to the width and gap of the electrodes, and the thickness was measured as an average from AFM images of nanofibrils. The electrical conductivity of directionally crystallized nanofibrils was more than an order of magnitude larger than randomly distributed nanofibrils. Such this anisotropic conduction is presumably due to directional crystallization of the P3HT nanofibrils.
In summary, we demonstrated a versatile and controllable strategy to hierarchical assemblies comprising microscopic concentric rings with a gradient and crystallized nanofibrils by confining a single drop of rr-P3HT toluene solution in an axially symmetric sphere-on-flat geometry for evaporation. The simple patterning and aligning of the rr-P3HT chains was successfully controlled by varying the solution concentration. In particular, the rr-P3HT rings with directionally crystallized nanofibrils perpendicular to the electrodes showed enhanced conductivity compared to the rings with randomly distributed nanofibrils. This facile and robust technique based on CESA may fulfill as a solid and powerful route to creation of complex, yet highly ordered structures from a wide range of multifunctional organic materials, envisioning solution-processable, and printable electronic devices.
Experimental Section
Controlled Evaporative Self-Assembly of P3HT Patterns in a Sphere-OnFlat Geometry: A rr-P3HT (molecular weight = 20 kg mol −1 , American Dyes Sources) was selected as the nonvolatile solute to prepare rr-P3HT toluene solutions with various concentrations of 0.2 and 0.5 mg mL −1 . Si wafers and spherical lenses made from fused silica (the radius of curvature, R = 1.65 cm, and the diameter, D = 1 cm) were cleaned with a mixture of sulfuric acid and Nochromix. After sonication for 30 min, they were extensively rinsed with deionized water and then blown dry with N 2 . A sphere-on-flat geometry was constructed and implemented as follows. Both the spherical lens and Si substrate were firmly fixed at top and bottom of the sample holders, respectively. A motorized inchworm motor was applied to bring the upper sphere into near contact with the lower stationary Si substrate. Prior to their close contact, with just a few hundred micrometers between the surfaces, 20 µL of rr-P3HT toluene solution was loaded and trapped between the sphere and Si due to capillary forces. Thus, a capillary-held rr-P3HT toluene solution was formed with evaporation rate highest at the extremity, as schematically illustrated in Figure 1a . This geometry led to a controlled, repetitive "stick-slip" motion of the three phase contact line, which move toward the sphere/Si contact center ( Figure 1a) on evaporation of toluene. Only the patterns formed on the Si substrate side were investigated in this study because of curvature effect of the upper surface.
Characterization: Observation of the resulting patterns and morphologies were conducted by applying OM (Olympus BX51) and AFM (Digital Instruments Dimension 3100). For AFM scanning in the tapping mode, BS-tap 300 tips from Budget Sensors with spring constants ranging from 20 to 75 N m −1 were used as scanning probes. Conductivity measurements were performed using a two-probe type instrument (SMU; 6430, Keithley Instruments, Inc.). The Au IDEs were integrated on a Si substrate via a conventional top-down lithography process. Au electrodes with 50 pairs, finger type electrode widths of 20 µm, and gaps of 10 µm were designed.
